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I.  INTRODUCTION 


This  is  tho  fourth  and  last  report  in  a  serins  describing  yearly 
progress  of  the  UC1.A  Research  Project  on  ^ptimun  nderwatcr  Work  .'’easur  ment 
Techniques.  The  previous  reports  have  covered  studies  conducted  in  1^67, 

1068  and  1960.  This  report,  in  addition  to  presenting  the  two  major  studies 
carried  out  in  1070,  also  provides  i  summary  of  work  over  t lie  four  year  period. 
With  the  cumulative  list  of  project  publications,  the  summary  allows  the 
interested  reader  to  identify  a  topic  of  concern,  determine  our  primary 
findings,  and,  later,  explore  the  topic  further  in  the  literature  or  by 
reprint  request. 
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n.  srriAitY  ur  work  \r,ui.r*M  ,\t  studies 


INTRODUCTION 

This  chapter  provides  i  summar"  of  the  invest  i  rations  ,  findings, 
and  recommendations  compiled  by  the  UCLA  Underwater  I’escarch  Croup  in  its 
study  of  Opt i nun  Underwater  Work  Measurement  Techniques.  The  references 
given  appear  in  the  cummulativc  publications  list  of  Chapter  III. 

Experimental  investigation  of  diver  performance  is  complicated  by  a 
number  of  factors.  In  addition  to  the  difficulties  which  always  attend 
measurement  in  the  field,  there  is  the  extra  logistics  problem  of 
supplying  an  experimental  site  underwater,  the  inherent  complications 
caused  by  the  subject's  breathing  .apparatus  and  life  support  gear,  and 
the  frequent  need  for  the  investigator  himself  to  participate  in,  and  be 
likewise  affected  by,  the  diving  activities  under  examination. 

Developing  optimum  techniques  for  conducting  work  measurement  studies, 
in  the  broad  sense,  was  the  objective  of  the  UCLA  program.  The  approach 
was  to  examine  the  applicability  of  established  techniques,  select  the 
better,  modify  them  as  required,  derive  new  ones  where  necessary,  test  and 
evaluate  them  in  actual  underwater  experiments,  and  bring  the  resulting 
methodology  to  the  diving  research  community  in  the  form  of  project 
reports  and  journal  publications.  Examinations  of  work  measurement 
techniques  was  divided  into  three  main  areas:  (1)  work  performance  per 
sc;  (2)  the  physiological  responses  that  accompany  underwater  work;  and 
(3)  psychological  factors  that  influence  work  accomplishment.  With  two 
additions,  General  Apparatus  and  Computer  Applications,  the  following 
review  of  topics  adheres  to  this  division  of  interest. 

2.  METHOD  AND  APPARATUS 

2 . 1  Underwater  Research  Facility 

Description 


The  Underwater  Rese.arch  Facility  has  been  a  mainstay  of  experimentation 
through  the  study  program.  Located  within  the  engineering  complex  at 
UCLA,  it  consists  of  an  open  16’  diameter  by  16'  deep  bolted  steel  storage 
tank  fitted  with  nlexiglas  viewing  ports,  electrical  pass-throughs,  and 
pipe  connections  for  breathing  gas  input  and  output.  An  instrumentation 
structure  adjoins  the  tank  itself,  and  provides  protection  for  the 
apparatus  required  in  specific  experiments.  Access  to  the  tank  is  by 
means  of  a  stairway  and  platform  constructed  integral  with  the  instrumenta¬ 
tion  structure.  A  half-ton  hoist  allows  experimental  apparatus  to  be 
easily  lifted  into  and  out  of  the  water.  Standard  pool  filtration  is 
provided.  An  oversized  heater  and  25-ton  refrigeratign  unit  permit  exact 
regulation  of  tank  water  temperature  between  about  40°F  and  95  F.  Except 
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for  paint  flaking  and  rust  on  the  inner  surfaces,  particularly  at  the 
overlap  of  the  bolted  pJ.ates,  maintenance  has  not  been  overly  time  consuming 
or  costly.  A  variety  of  paint  types  failed  to  endure  more  than  a  year; 
in  fact,  the  more  expensive  the  treatment  the  less  the  endurance. 

(References  6,  7,  8). 

Conclusions  and  Re common dat ions 

a.  An  open  tank  of  about  this  size,  similarly  outfitted,  provides  a 
most  useful  and  relatively  inexpensive  test  locale  for  all  but 
hyperbaric  experimentation. 

b.  For  maximum  effectiveness,  the  tank  should  be  made  of  some 
non-rusting  material  If  of  steel,  it  should  be  welded  rather 
than  bolted,  and  a  20'  by  20'  size  would  accommodate  working 
teams  more  comfortably. 

2 . 2  Diving  Task  Simulation 

Description 

The  UCLA  underwater  construction  task  has  evolved  through  several 
stages  to  its  present  form.  It  is  a  pipe  structure,  standing  about  7‘ 
higli  on  a  4'  x  5'  base,  fabricated  of  2"  galvanized  pipe  and  correspond¬ 
ingly  sized  flanges,  elbows,  valves,  etc.,  with  an  associated  pressure 
test  console  containing  a  bottled  gas  supply.  Two-man  diver  teams  bolt 
the  structure  together  from  prcasscnbled  sections  stored  on  the  base, 
inserting  open  or  closed  gaskets  as  required.  The  resulting  pipework  is 
pressurized  and  tested  for  leaks,  then  disassembled  and  the  sections 
stored  again.  The  "pipe  puzzle"  requires  a  diversity  of  diving  skills, 
including  selection  and  fine  manipulation  of  bolts,  nuts,  and  washers, 
lorquing  from  various  orientations  and  stabilizations,  as  well  ns 
man-handling  and  positioning  the  heavy  sections.  Teamwork  is  necessary 
for  efficient  completion,  and  communication  between  the  divers  is  a 
requisite  for  certain  task  elements.  Comnlction  times,  errors,  and 
activity  analysis  arc  the  primary  performance  measures.  Pre-task  and 
post- task  written  problems  have  generally  been  npnlicd  in  experimental 
studies  to  provide  an  additional  measure  of  cogpitivc  function  (References 
fi,  7,  8,  14,  17,  21). 

Conclusions  and  Recommendations 


a.  Repeated  application  in  a  number  of  tank  and  ocean  studies  has  shown 
the  UCLA  pipe  puzzle  task  to  be  readily  transportable  and 
conveniently  deployed. 

b.  Diver  subjects  from  novices  to  professionals  and  military  personnel 
accept  the  task  because  of  its  scale,  its  face  validity,  and  its 
demanding  nature. 

c.  Task  performance  is  sensitive  to  experience,  practice,  and  environment. 
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d.  The  task  can  be  quick,1'  and  deeply  duplicates  with  Materials 
available  at  any  plumbing  supply  house.  (Detailed  plans  arc 
nrcsented  in  Appendix  I  of  this  report). 

o.  The  UCLA  "pine  puzzle  ’  is  record  ended  as  a  standard  perceptual -r otor 
tasl  for  ordervater  assembly.  ’  family  of  standard  tasks  should  be 
established  to  cover  all  aspects  of  diver  performance. 

2.3.  I  Underwater  1  '.rv  oi.iet  e  r 

Description 

Tlic  UCLA  crgonctcr  measures  fin  thrust,  produced  by  a  diver  held  in  any 
orientation  (but  most  usually  hori rontal ) .  Tire  diver  swims  statically 
against  shoulder  bars,  and  his  horizontal  thrust  is  transduced  by  a  load 
cell  attached  between  the  force  platform  and  the  fixed  base.  Tire  load  cell 
output  is  recorded.  It  is  also  a vc raped  electronically  and  displayed  to 
the  diver  on  a  meter  mounted  on  a  bracket  in  front  of  him.  The  ergometer 
has  been  used  to  determine  the  timing  and  magnitude  of  instantaneous  thrust 
forces  in  swimming,  in  a  comparison  of  fin  types  ,  and  as  a  means  to  vary 
work  load  in  a  study  of  oxygen  uptake  underwater.  (References  2,  3,  7,  8, 

17). 

Conclusions  and  Recommendations 

a.  Thrusting  with  fins  is  a  fundamental  sustained  underwater  activity, 
and  forms  a  more  natural  basis  for  ergometry  than  more  artificial 
tasks  such  ns  cranking,  weight  lifting,  etc. 

b.  electrical  measurement  and  display  of  thrust  has  several  important 
advantages  over  mechanical  nenns.  These  include  the  ability  to 
record  instantaneous  forces,  and  to  have  the  subject  vary  his  output 
rapidly  and  exactly. 

c.  Physiological  work  on  such  an  ergometer  is  most  correctly  presented 
in  terms  of  thrust  alone,  hut  by  using  known  relationships  between 
swimmer  speed  and  drag,  it  can  be  equated  with  more  commonly  used 
unit*'  such  as  watts,  ft-lb/sec,  kcal -m/sec,  etc. 

3.  MEASUREMENT  OF  PCRFORHANCH 

3 . 1  Activity  Analysis 

Activity  sampling  was  used  in  conjunction  with  the  several  phases  of 
the  pipe  puzzle  construction  task  ns  one  means  of  evaluating  differences  in 
performance  among  diver  groups,  or  for  individual  divers  under  various 
underwater  conditions.  Diving  activities  were  defined  in  specific, 
job-related  terms,  such  as:  "torque  bolt",  'transport  part  nr  tool",  "read 
instructions",  etc.  The  "observe/i die"  category  encompassed  nondemonstrativc 
cognitive  activities  as  well,  since  it  is  generally  impossible  to  tell 
when  the  diver  is  thinking,  problem  solving,  recalling,  etc.  Diver  observers 
and  investigators  outside  the  tank  were  able  to  assign  activities  of  two-man 
teams  into  9  categories,  sampling  every  15  seconds,  without  appreciable 
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error.  Errors  arc  norc  frequent  when  observation  is  by  television,  resol¬ 
ution  being  the  most  critical  factor  (References  6,  14,  2). 

Conclusions and  Recommendations 

a.  Activity  categories  nroved  relatively  sensiti’  to  differences  in 
performance  exhibited  by  novice  and  experience!  divers,  for  example, 
or  by  novices  in  tank  and  ocean.  For  well -chosen  categories,  the 
technique  adds  useful  information  to  basic  rc.i  wires  of  time  and 
errors . 

b.  Accurate  recording  depends  on  a  well -trained  observer  and  a  good 
visual  link.  For  remote  viewing,  by  television,  careful  attention 
must  be  paid  to  system  fidelity,  camera  angle,  tank  illumination, 
and  diver  identification.  Initial  validation  of  TV  recording  against 

direct  recording  is  recommended  where  feasible, 

3.2  Procedural  Recording  in  the  Field 

Procedural  recording  on  a  large  diving  job  was  conducted  during  the 
shallow  water  (50  ft.)  trials  of  the  Seal  ah  III  I'ivcrcon  project,  which 
utilized  a  tethered  elcctrohydraulic  lift  device  to  trnr.snort  and  assemble 
underwater  the  sections  of  a  large  habitat-like  structure.  The  purpose  of 
recording  was  to  permit  comparison  of  the  assembly  sequence  and  component 
times  for  the  50  ft.  and  the  planned  600  ft.  depths.  Initial  reliance  on 
a  single  diver-observer  proved  unsatisfactory,  due  primarily  to  the 
observer's  inability  to  determine,  by  himself,  the  purpose  of  observed 
activity,  and  accordingly,  its  relation  to  the  current  assembly  scenario. 
The  eventual  work  observation  system  centered  on  a  topside  station,  where 
incoming  information  from  the  operations  center,  from  diver  control,  from 
underwater  TV,  and  from  the  diver-observer  was  combined  to  form  a  complete 
picture  of  what  was  happening  and  when  (References  4,  5,  14,  15). 

Conclusions  and  Recommendations 


a.  The  observer  team  should  understand  thoroughly  the  technical  aspects 
of  the  diving  job  in  order  to  follow  the  scenario  through  its 
inevitable  changes. 

b.  As  much  as  possible,  macro  and  micro  task  elements  should  be  identified 
before  the  operation  begins.  Micro-elements  which  take  about  three 
minutes  to  complete  are  the  shortest  practicable.  Macro-clrnents  will 
vary  with  the  job,  but  will  generally  occupy  15  to  100  minutes. 

c.  Responsibility  for  decision  making  resides  with  the  topside  member  of 
the  observation  team.  If  there  is  a  diver-observer,  he  is  told  to 
watch  for  landmark  events  and  report  when  they  occur;  interrogation  is 
also  useful.  Narrative  reports  by  the  diver  arc  counterproductive. 

d.  Diving  experience  is  more  important  than  technical  knowledge  in  the 
diver  observer.  The  usefulness  of  his  communication  will  be  proportional 
to  his  familiarity  with  the  depth  and  conditions  of  the  dive. 


3. 3  Divi_ng  Questionnaire'; 

Description 

Diving  questionnaires  were  used  in  the  Sealab  III  study  to  extract 
from  the  experienced  divers  their  i<  eas  of  the  iiunan  factors  important  to 
1 1 io  project  ,  in  a  manner  amenable  to  statistical  ana1 vs is .  Two  tynes  of 
questionnaire  wore  used:  (1)  a  trouble  shooting  chock  list,  which  required 
the  divers  to  estimate  the  degree  of  difficulty  associated  with  10  specific 
task  elements,  and  to  chcc!  appropriate  items  from  aronj;  12  possible  reasons 
for  difficulty;  and  (2)  forced  choice  ranking  forms,  which  required  the 
divers  to  rani  in  order  of  difficulty  the  sane  10  factors,  and  to  rank  in  order 
of  importance  to  the  task  at  hand  11  generalized  diving  factor/.  Both  the 
bivcrcon  and  salvage  teams  were  queried  (References  14,  15). 

Conclusions  and  Recommendations 


a.  Despite  the  intense  aversion  of  divers  to  paperwork,  cooperation  can 
be  obtained  if  forms  are  kept  short  and  the  questions  obviously 
relevant,  and  if  the  divers  arc  prepared  by  prior  explanation  of  aims. 

b.  On  the  whole,  better  results  were  achieved  with  the  ranking  forms. 
These,  although  unfamiliar  to  the  divers,  yielded  significant  values 
of  concordance  and  test -retest  reliability,  and  discriminated  well 
between  diver  grouns . 

c.  Forced  choice  froms  should  be  pretested,  and  revised  if  necessary,  to 
insure  that  the  choices  offered  are  meaningful  to  the  divers  as  well 
as  to  the  experimenter. 


3 . 4  H ffects  of  Lnvironncnt  and  Cxpc ricnce 
Description 

Two  studies  examined  diver  performance  on  the  pipe  puzzle  task  and  on 
written  problems  in  the  tank  and  in  the  open  ocean.  The  first  study 
involved  two  subject  groups:  novices  and  experienced  divers.  Ideal 
conditions  were  maintained  in  the  tank  (80  F)  ,  while  the  ocean  test  site 
was  relatively  shallow  (20  ft),  clear,  and  not  unduly  cold  (62  F).  The 
second  study  utilized  experienced  divers  only:  performance  was  compared 
between  a  more  demanding  ocean  environment  (50  ft.,  55-60  F,  poor 
visibility)  and  the  tank  cooled  and  clouded  to  match  the  ocean.  Results 
indicated  that  novice  divers  performed  slower  than  t lie  experienced  divers 
in  the  tank,  and  showed  a  marked  decrement  in  both  assembly  time  and 
problem-solving  accuracy  in  the  ocean,  most  likely  due  to  psychological 
factors.  Diving  motor  skills,  rather  than  work  strategy,  differentiated 
the  groups.  Fxperienced  divers  always  showed  about  the  same  task  completion 
tines  in  tank  and  ocean.  However,  there  was  a  tendency  to  hurry  judge¬ 
mental  portions  such  as  pressurization,  and  to  perform  less  well  on 
problem  solving  in  the  ocean  environment.  (References  14,  17,  21,  22). 


Cone lus i on s  and  Re c onnenda t ions 

a.  Design  or  evaluation  studies  carried  out  in  the  ocean  must  use 

subjects  highly  exnerieencc  1  tinder  those  conditions.  The  responses 
of  inexperienced  subjects  arc  markedly  different  and  potentially 
misleading . 

h.  For  subjects  highly  familiar  with  the  condition..*,  tb.crc  see:  s  t<  be 

no  significant  "ocean  effect"  for  perceptual -motor  tasks.  Accordingly, 
tank  simulations,  equated  for  temperature  and  visibility,  are  efficient 
etnd  economical  experimental  environments. 

c.  Decision-making  and  problem-solving  in  the  ocean  remain  open  questions, 
even  for  experienced  divers.  This  implies  a  psychological  effect  even 
at  moderate  depths,  and  suggests  that  work  measurement  include  these 
factors  whenever  practicable. 

d.  The  tendency  to  perform  less  deliberately  under  stressful  ocean 
conditions  should  guide  the  observer  to  look  for  and  record  errors, 
omissions,  etc.,  as  well  as  performance  time  itself. 

u.  The  ocean  decrement  of  novice  divers  could  be  a  criterion  of  training 
effectiveness.  That  is,  one  test  of  new  training  techniques  would  be : 
Does  it  reduce  the  decrement? 

f.  These  findings  reinforce  the  need  for  the  establishment  of  underwater 
observor  reliability  and  remote  observation  backup  for  underwater  data 
gathering. 

3 . 5  Effects  of  V.’at cr  Temperature 
Description 

A  tank  study  using,  experienced  divers  compared  pipe  puzzle  assembly  and 
problem  solving  at  44  F  to  performance  previously  observed  at  GO  p  and  80  F 
water  temperatures.  Manipulative  operations  such  as  assembly  and 
disassembly  were  lengthened  by  the  cold,  while  other  task  portions,  such 
as  pressurization  and  problem  solving,  were  shortened.  University 
subjects,  experienced  in  solving  similar  written  problems,  showed  negligible 
effect  of  cold  on  problem  accuracy.  Felice  and  professional  divers,  on  the 
other  hand,  showed  a  marked  decrease  m  accuracy  from  the  beginning  to 
the  end  of  the  approximately  45  minute  runs.  (Reference  this  report). 

Conclusions  and  Recommendations 

a.  Decreasing  water  temperature  does  not  invariably  lengthen  perceptual - 
motor  task  performance.  Performance  measurement  should  separate  the 
task  into  "compressible"  and  "incompressible"  components  to  obtain  a 
true  picture  of  diver  adaptation. 

b.  Cold  water  may  contribute  additional  degradation  in  decision  making 
and  problem-solving  to  those  otherwise  associated  with  stressful  diving 
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conditions.  This  is  accentuated  for  prolonged  exposure,  and  for 
divers  generally  unpracticed  in  sucli  tasks. 

Performance  Base  lines 

Ue script ion 

Hiver  work  ncasurenent  is  concerned  primarily  with  the  question:  "Mow 
veil  is  tiic  individual  or  tcan  doing  under  these  specific  conditions?" 

The  immediate  corollary  is:  "Compared  to  what?"  Our  viewpoint  is  that 
tlie  comparison  should  he  with  how  well  the  job  can  be  accomplished  under 
ideal  diving  conditions.  This  means  clear,  still,  comfortable  water,  and 
a  minimum  of  protective  gear.  It  is  patently  impossible  to  transfer  all 
underwater  worl  to  dry  land,  and  at  any  rate,  the  means  of  doing  work  is 
uniquely  different  underwater.  Tims,  comparisons  with  surface  performance 
tend  only  to  perpetuate  the  common  fault  of  considerin';  diving  tasks  as 
familiar  tasks  done  underwater.  Sucli  an  approach  is  counterproductive  to 
the  analysis  and  improvement  of  underwater  work  skills,  and  confuses  the 
issue  of  actual  decrements.  Surface  comparison  may  be  useful  in  describing 
and  understanding  physiological  and  psychological  response  to  the  underwater 
environment,  its  use  in  such  studios  should  be  clearly  defined  and 
circumscribed. 

Conclusions  and  Recommendations 

a.  Task  performance  under  "ideal  diving’  conditions  is  the  only  valid 
reference  baseline  for  work  measurement  in  more  adverse  environments. 

b.  Investigators  measuring  diver  work  performance  should  include  in 
their  study  data  on  the  same  task  taken  under  ideal  conditions. 

c.  Since  baseline  comparisons  arc  not  always  practicable  in  field  work, 
a  "reference  library"  of  diving  standards  should  be  established  for 
well-defined,  realistic  task  components.  A  partial  estimate  of  base¬ 
line  performance,  at  least,  could  then  he  constructed  by  combining 
equivalent  task  elements. 

4.  MEASUREMENT  OF  PHYSIOLOGICAL  RESPONSE 

4 . 1  Measurement  System 

Description 

Physiological  measurement  at  MCI.A  has  focused  on  a  set  of  basic 
variables:  heart  rate,  respiratory  rate,  inspiratory  minute  volume,  and 
deep  body  temperature .  These  arc  usually  recorded  as  follows.  Diver 
subjects  breath  fron  a  bottled  compressed  air  supply.  Inspiratory  air 
flow  is  measured  by  a  laminar  flow  clement  and  associated  differential 
pressure  transducer  placed  in  the  135  psig  input  line  of  a  standard, 
single-hose  regulator.  Flow  is  integrated  by  operational  amplifier  over 
one-minute  intervals  to  provide  a  sequential  record  of  minute  volume. 

(Volume  is  corrected  for  depth.)  I’cniration  rate  is  derived  from  the 
integrated  signal  by  counting  the  'steps"  in  eacli  onc-minute  segment. 
Electrocardiographic  (! CfM  signals  arc  detected  by  water-proofed 
silver/silver  chloride  electrodes,  connected  by  100  ft  or  more  of  shielded 
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entile  to  a  high  input  is  pedance  preamplifier.  Deep  body  temperature  is 
ol>tnincd  from  thin  nnd  relatively  flexible  rectal  thermister  probes. 
Continuous  records  are  made  on  a  multi-channel  strip  chart  recorder,  and 
arc  reduced  manual  1)'  after  a  run.  This  system  lias  been  operated  at  the 
tan!  for  one  and  two  dive-s,  nr.d  in  the  field  (pier  and  shipboard)  for 
one  diver.  It  is  currently  bcinp  cot  vcrt.cd  to  tape:  recording  and  computer 
data  analyr.  i :  (sec  Section  0.2;.  '-‘art  rate  j.as  also  been  measured  by 
ultrasonic  telemetry  using  a  commercial  voice  communicator .  (deferences 
(  ,  14,  17)  . 

Conclusions  and  1  ’ee o inmejj la tjno ri_s 

a.  The  basic  physiological  variables,  recorded  by  hardwire,  have  proved 
reliab’e  in  a  number  of  expori  mental  sitiat’ons.  They  provide 
information  on  all  three  major  compensatory  mechanisms,  cardiovascular, 
respiratory,  and  thcvmorcgi  1  at  ry,  and  thus  constitute  a  logical 
"nuclear'  set  for  underwater  work  measurement. 

b.  Diver  acceptance  of  bioinstrumentation  has  numeral ly  been  high,  if 
adequate  expl  dnation  of  aims  is  provided.  The  rectal  pro1  c  is  a 
possible  exception:  although  one-time  use  his  not  been  a  ;  roblcm, 
repeated  application  to  military  professional  divers  would  likely 
lead  to  eventual  lack  of  cooperation. 

c.  If  the  divers  are  on  umbilical.;,  as  in  most  actual  work,  situations, 
hardwire  physiological  recording  does  not  interfere  with  normal 
movement,  Where  lines  are  unrealistic  or  dangerous,  telemetry  provides 
tlu  best  monitoring  means. 

4.2  basic  Physiological  Response 

Description 

In  the  initial  study,  subjects  in  the  tank  were  administered  a  battery 
of  various  surface  and  underwater  tabs,  including  standarized  exercise  and 
self-paced  work.  Heart  rate  under;  ate r  ranged  from  45  bcats/min  to  about 
JSD  bcats/nin.  Respiratory  response  covered  a  range  of  from  0.1  ft  /min  to 
2 . S  ft' /min  for  inspiratory  volume,  and  from  about  4  breaths/nin  to  over 
25  brenths/min  for  rate.  Response  underwater  corresponded  well  to  response 
on  t lie  surface,  although  there  was  i  tendency  to  observe  lower  1  cart  rates 
for  physically  equal  underwater  work.  Using  heart  rite  anti  inspiratory 
minute  volume,  it  was  possible  to  order  with  some  rouristancy  surface  and 
underwater  tasks  of  known  relative  workload.  Subsequent  observations  on 
experienced  divers  in  the  ocean  for  the  same  tasks  showed  similar  levels 
for  the  physiological  variables.  And  (liters  working  on  actual  construction 
jobs  exhibited  nearly  the  same  rang"  of  physiological  response.  It  h 3 s 
been  possible  in  these  cases  as  well  to  correlate  physiological  response 
with  known  demands  of  the  diving  task.  (References  6,  11,  22,  24). 

(  onclusions  and  Recommend at  ions 

a.  Basic  physiologi cal  measurements  taken  during  diving  operations 
permit  reasonable  estimates  of  imposed  workload  as  ’light'. 

"moderate"  and  "heavy." 


b. 


Physiological  response  underwater  is  influenced  by  several  unique 
environmental  and  experential  factors,  depressed  heart  rate  and 
"ship  breathing"  being  cases  in  point .  More  accurate  indirect 
determination  of  workload  depends  on  further  research  to  dcliniate 
these  relationships. 

4 . 3  Correlations  Among  I’l  ys i o  1  o g i cal  Measure  s 
Description 

I’.ank  correlation  analysis  was  applied  to  the  results  of  the  study 
outlined  above  to  determine  how  consistant  were  subject  responses  over 
the  various  tests,  and  how  well  the  several  measures  correlated  on  a 
particular  test.  It  was  found  that  in  general,  a  subject  having  a  relatively 
low  heart  rate  or  mil  ute  volume  on  one  test  also  tended  to  rank  low  in 
these  variables  on  other  tests.  Correlations  were  particularly  high  in 
the  surface-surface  case,  and,  for  heart  rate,  between  surface  tests  and 
heavy  underwater  exercise.  For  the  individual  subject,  the  results  indicated 
that  while  the  three  physiological  measures  were  closely  interrelated,  heart 
rate  and  minute  volume  were  most  highly  correlated,  while  minute  volume 
and  respiration  rate  were  least  highly  correlated.  Separate  analysis 
indicated  that  respiration  rate  was  the  least  sensitive  measure,  and  that 
minute  volume  showed  more  variability  than  heart  rate  for  moderate  workloads, 
(referei.'es  6,  8,  11,  12). 

Conclusions  and  Recommendations 

a.  Assuming  that  the  relative  level  of  physiological  response  m  a  valid 
measure  of  capacity  in  a  particular  task,  it  appears  feasible  to 
estimate  underwater  work  capacity  through  surface  tests. 

b.  Where  a  choice  must  be  made  among  physiological  variables,  heart  rate 
is  preferable  for  underwater  work  measurement.  It  has  low  variability, 
is  easy  to  obtain,  and  correlates  well  with  other  variables,  including 
oxygen  consumption  (as  discussed  below). 

4.4  Oxygen  Uptake 
Description 

A  brief  study  was  conducted  in  the  UCLA  tank  to  examine  the  correlation 
between  oxygen  uptake  and  heart  rate  during  underwater  swimming.  Subjects 
swam  statically  in  the  ergometer  at  three  thrust  levels,  9  lbs,  12  lbs,  and 
15  lbs,  corresponding  roughly  to  relaxed,  moderate,  and  strenuous  effort. 
Expired  gas  was  collected  through  a  special  exhalation  regulator,  which 
permits  direct  exhalation  to  one  atmosphere  of  pressure.  The  results  indi¬ 
cated  that  both  oxygen  consumption  and  heart  rate  increase  linearly  with 
thrust.  Moreover,  the  observed  ratio  of  oxygen  consumption  to  heart  rate 
(about  40  beats/min  for  each  1.0  liter/min  0^)  was  the  same  as  that  previously 
reported  for  thrcadmill  work  on  the  surface  and  arm  exercise  underwater 
(References  17,  22,  24). 


Conclusions  and  Recommendations 


a.  Preliminary  analysis  indicates  that  heart  rate  is  a  Rood  index  of 
swimming  work  underwater.  More  detailed  studies  examining  doptl  , 
water  temperature,  and  other  work  types  are  required  befor  tins 
relationship  can  be  reliably  quantified. 

b.  Collection  of  exhaled  gas  is  a  reasonable  ret!  >’  of  deters: nine 
oxygen  consumption  for  tank  studies.  Major  ;>rm  1cm  areas  are 
exhalation  resistance  and  C0n  absorption  by  moisture  in  the  exhaust 
lines. 

c.  Swimming  thrust  appears  to  lie  a  diving  equivalent  of  walhin;’  and 
should  be  adopted  as  a  standard  measure  of  underwater  exercise. 

4 . 5  hffects  of  Water  Temperature 

Description 

Heart  rate,  respiration  rate,  inspiratory  minute  volume,  and  rectal 
temperature  were  measured  continuously  as  experienced  divers  rested  and 
exercised  (pipe  puzzle  assembly  and  block  moving)  at  44  1"  in  the  UCLA  tank. 

Deep  body  temperature  dropped  steadily  over  the  45  to  60  r inute  exposures. 
Decrease  was  more  rapid  during  the  light  assembly  task  than  during  rest. 
Apparently,  increased  blood  flow  to  the  periphery,  with  consequent  blood 
cooling,  more  than  offset  the  increased  metabolism.  Higher  exercise  levels 
attenuated  this  heat  loss.  Heart  ra^e  and  inspiratory  minute  volume  during 
thg  assembly  task  were  greater  at  44  f  than  previously  observed  at  60°F  and 
80  F;  the  difference  increased  as  exposure  lengthened.  (Reference  this  report). 

Conclusions  and  Recommendations 


a.  Results  of  this  study  indicate  an  increase  in  the  physiological  cost  of 
work  with  decreases  in  water  temperature. 

b.  The  data  also  suggests  a  loss  of  normal  voluntary  control  over  respiration 
for  prolonged  cold  exposure.  This  may  be  an  additional  reflection  of 

the  narrowing  in  attention  previously  associated  with  stressful 
environments . 

c.  Prediction  of  work  tolerance  is  particularly  critical  at  reduced  body 
temperatures.  Additional  information  is  required  regarding  physical 
as  well  as  mental  capabilities  under  these  conditions. 

3 . 6  Stress  and  the  Physiological  Indices 

Description 

In  the  IJCLA  studies,  heart  rate  and  the  respiratory  parameters  have 
been  applied  at  times  to  estimate  physical  effort,  and  at  other  times  as 
indicators  of  psychological  stress.  Such  dual  utilization  is  common  in  the 
literature;  it  is  rare,  however,  to  find  it  in  the  same  investigation. 
Unfortunately,  diving  nearly  always  combines  physical  effort  with  some  degree 
of  arousal  or  anxiety.  Both  of  these  factors  arc  important  to  underwater 
work  measurement;  and  it  is  therefore  incumbent  upon  the  investigator  to 
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try  and  separate  them  in  his  analysis.  Our  experience  has  provided 
some  guides  to  this  process.  (References  4,  5,  11,  14,  15,  23). 

Conclusions  and  Recommendations 


a.  Baselines  of  physiological  rcr ponsc  should  he  obtained  for  experimental 
tasks  in  a  clear,  comfortable,  safe  underwater  environment. 

b.  hlcvatcd  heart  rate  and  respiratory  response  is  more  likely  to  indicate 
anxiety  under  non-baseline  diving  conditions  when:  (1)  it  is  more 
pronounced  in  less  experienced  divers;  (2)  it  decreases  with  exposure 
rather  than  increases;  (3)  it  is  not  correlated  with  improved 
performance  times  or  outputs. 

c.  Independent  psychological  or  biochemical  tests  of  stress  should  be 
appliod  whenever  feasible  to  confirm  the  cardio-respiratory  indications. 
A  questionnaire  test  for  anxiety  is  described  in  Section  4.4. 

5.  MEASUREMENT  OF  PSYCHOLOGICAL  RESPONSE 

5 . 1  Perceptual  Narrowing 

Description 

Two  experimental  studies  examined  the  effect  on  visual  perception  of 
the  type  of  diffuse  risk-stress  generally  associated  with  diving.  The  first 
followed  a  group  of  novice  divers  through  surface,  tank  and  ocean  exposures. 
Subjects  monitored  a  peripheral  light  alone,  or  while  simultaneously 
performing  an  attention -demanding  visual  task.  On  the  surface,  the  central 
task  had  no  effect  on  peripheral  vigilance.  During  diving,  a  identifiable 
subgroup  of  subjects  showed  markedly  increased  response  times  to  the 
peripheral  lights,  suggesting  that  diving  risk  also  causes  the  perceptual 
narrowing  previously  seen  in  other  stressful  situations.  This  hypothesis 
was  investigated  in  a  more  carefully  controlled  study  on  dry  land:  the 
object  was  to  demonstrate  narrowing  under  similar  psychological  stress 
without  associated  physiological  change.  A  nonfunctioning  altitude  chamber 
was  refurbished  to  resemble  a  high  pressure  facility;  descent  to  60  ft  was 
simulated  realistically  by  moans  of  hissing  air,  moving  pressure  gauges,  etc. 
The  central  task  was  a  solf-paced  automatic  presentation  of  Landolt  ring 
targets;  detection  of  a  light  flash  in  the  diving  mask  periphery  was  the 
criterion  of  narrowing.  Anxiety  was  measured  by  heart  rate  and  a  question¬ 
naire.  Two  groups  participated;  one  in  the  chamber,  the  other  as  controls 
outside.  Central  task  performance  was  the  same  for  both  groups;  but  the 
chamber  subjects  detected  significantly  fewer  peripheral  lights.  The 
chamber  group  showed  a  significantly  higher  heart  rate,  while  the  anxiety 
tost  scores  indicated  a  normal  state  for  the  controls,  and  "mild"  anxiety 
for  the  chamber  subjects.  It  was  concluded  that  the  results  validated  the 
hypothesis.  (References  4,  23). 
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Conclusions  and  Recommendations 


a.  Detection  of  peripheral  lights  is  a  sensitive  indicator  of  shifts 

in  attention.  Preferably,  the  lights  should  be  bilaterally  presented, 
at  short,  random-appearin’  intervals,  and  in  the  sane  field  location 
for  each  subject. 

b.  Diffuse  anxiety  associated  with  risky  undertakings,  like  diving,  can 
cause  a  marked  reduction  in  peripheral  attention. 

c.  Planning  of  practical  diving  tasks  should  include  the  possibility  that 
the  diver's  functional  vision,  already  constricted  by  his  mask,  will 
be  further  constricted  during  periods  of  stress. 

d.  Future  research  should  focus  on  the  quantification  of  the  narrowing 
effect,  its  actual  influence  on  performance,  its  suspectibility  to 
training,  and  its  use  to  estimate  immediate  ability  to  perform. 

5.2  Visual  Adaptation 

Description 

A  series  of  tank  and  pool  studies  was  conducted  to  investigate  how 
divers  adapt  to  the  distortion  of  object  size  and  distance  caused  by 
underwater  viewing  through  a  facemask.  Size  estimates  obtained  by  adjusting 
a  lino  to  an  estimated  length  of  12  in.  indicated  that  upon  entry  to  the 
water,  novices  experienced  more  size  enlargement  than  experienced  divers 
(Experienced  divers  were  also  more  accurate  when  viewing  through  a  porthole, 
indicating  the  effect  was  not  "situation  contingent").  Experienced  divers 
reported  objects  ns  closer  underwater  than  they  actually  were.  Adaptation 
during  underwater  exposure  was  demonstrated  to  size  but  not  to  distance. 

In  fact,  a  negative  correlation  between  size  and  distance  adaptation  scores 
indicated  that  most  divers  adapted  to  one  dimension  by  counteradapting  to 
the  other.  That  is,  some  subjects  improved  their  judgments  of  size  by 
degrading  their  judgments  of  distance  and  some  the  other  way  around. 
(References  10,  16,  18,  10). 

Conclusions  and  Recommendations 


a.  Overall  diving  experience  is  probably  the  main  determinant  of  perceptual 
accuracy  underwater.  During  a  dive,  judgment  of  object  size  improves 
more  than  judgment  of  distance,  but  the  eftcct  is  poorly  predictable 
and  not  significant  practically. 

b.  For  most  divers,  adaptation  to  size  and  distance  distortion  docs  not 
normally  occur  simultaneously.  The  negative  correlation  should  be 
considered  when  attempting  to  train  divers  to  improve  both  aspects  of 
perception . 

c.  Classical  methods  of  measuring  visual  adaptation  can  be  applied 
successfully  underwater. 
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5.3  Diver  Personal  it y 


Description 

One  hundred  am!  forty  seven  MCI. A  diver  trainees  were  given  the 
Pensacola  7-Survey  of  personal  autonony.  findings  repealed  that  the 
student  divers  described  themselves  as  individual ist ically  as  did  astronauts 
and  Antarctic  scientists,  hut  not  significantly  more  so  than  did  other 
campus  groups.  Moreover,  the  7.  Scale  did  not  differentiate  betw  -cn 
successful  trainees  and  lropouts,  althougli  there  was  a  we ak  relationship 
between  autonomy  and  high  performance  scores  during  pool  testing.  Individuals 
of  exceptionally  low  or  exceptionally  high  autonomy  were  less  likely  to  be 
good  performers.  These  results  matched  those  of  a  similar  study  undertaken 
simultaneously  in  iingland  by  11.  Ross.  (Reference  13). 

Conclusions  and  Recommendations 

a.  University  diving  programs  provide  a  largo  number  of  motivated, 
articulate  divers,  "any  future  undersea  workers  will  be  drawn  from 
a  similar  population.  Thus,  determining  any  special  personality 
attributes  of  these  people  could  help  greatly  in  program  planning  and 
eval uation . 

b.  Although  the  Pensacola  7-survey  did  not  prove  particularly  fruitful, 
other  tests  of  personality  should  be  applied  to  diver  groups. 

c.  All  trainees  perform  about  the  same  on  the  '  all  or-nonc"  criteria  of 
training  success,  but  separate  over  the  long  run  in  their  development 
of  diving  skills,  their  ability  to  handle  adverse  ocean  situations,  etc. 
Accordingly  it  is  more  likely  that  the  correlation  of  personality 

to  performance  will  increase  with  diving  experience. 

5.4  An xiety  Quest ionna i_rc_ 

Description 

Psychological  stress  is  frequently  a  significant  concommitant  of  work 
underwater,  and  its  determination  an  important  part  of  work  measurement. 

In  several  UCLA  studies,  successful  use  was  made  of  the  Multiple  Affect 
Adjective  Checklist!  This  is  a  questionnaire  test  of  anxiety,  hostility, 
and  depression,  designed  specifically  to  measure  the  immediate  level  of 
those  variables  in  an  individual.  This  test  is  easy  to  take  and  to  score, 
and  in  our  experience,  sensitive  enough  to  discriminate  reliably  mild 
anxiety  from  normative  response.  Other  investigators  also  have  applied 
papcr-and-pcncil  tests  of  anxiety  in  experiments  involving  dangerous 
exposure  (References  17,  23). 

*7.uckcrman,  M.  ,  and  I.uhin,  B.  Manual  for  the  multiple  affect  adjective 
checklist.  San  Diego:  educational  and  Industrial  Testing  Service,  1965. 
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Conclusions  and  Recommendations 


a.  The  Multiple  Affect  Adjective  Checklist  lias  been  demonstrated  to 
measure  anxiety  induced  by  risky  exposure. 

b.  The  test,  or  another  like  it,  should  be  applied  as  a  primary  or 
secondary  measure  in  diving  work  measurement  where  j sychologi cal 
stress  is  a  known  or  suspected  factor. 

c.  Investigators  should  exchange  data  on  anxiety  levels  measured  for 
specific  diving  situations  in  wel 1  -defined  su’ jeet  groups.  A  data 
bank  of  diving  stress  would  aid  in  predicting  performance  and 
identifying  anomolous  response. 

6.  COMPUTER  TECHNIQUES 

6.1  Scalab  III  Scenario 


Description 

A  computer  program  was  written  to  permit  translation  of  t ho  Sealab  III 
Operations  Scenario  from  typewritten  form  to  computer  storage.  Printout  was 
provided  in  the  original  format,  but  at  greatly  speeded  rates.  The  principal 
innovation  was  in  the  area  of  scenario  modification.  Under  control  of  the 
program,  the  scenario  was  modified  on  the  alphanumeric  display  screen  of  an 
interactive  computer  terminal  (TV  monitor  plus  keyboard).  The  system  was 
working  well  when  cancellation  of  the  Scalab  experiment  halted  work  on 
extensions  cf  the  basic  program.  (Reference  20). 

Conclusions  and  Recommendations 


а.  Computer  storage  of  event  descriptions  for  a  complex  and  lengthy  diving 
program  proved  highly  efficient  in  tine  and  storage  space. 

1).  Modifying  the  events  and  their  timing  in  an  interactive  mode  was 
offective,  and  easily  learned  by  secretarial  help. 

c.  Extension  of  this  approach  would  permit  automatic  optimization  of  the 
scenario,  as  well  as  comparisons  between  the  scenario  and  the  actual 
procedural  record,  or  between  the  final  scenario  and  its  predecessors. 

б .  2  Physiological  Data  Handling 
Description 

A  computor  program  was  developed  to  reduc*  automatically  rocords  of 
diver  physiological  response  which  had  formerly  been  reduced  by  hand. 
Experimental  data  is  first  recorded  on  analog  tape  at  the  tank  or  in  the 
field.  This  tape  is  converted  to  a  digital  tape,  which  is  fed  to  the  data 
processing  computer.  Tho  program  derives  beat -by-beat  heart  rate  from 
the  digitized  ECG  signal,  calculates  breathing  rate  and  volume  from  the 
integrated  inspiratory  flow  signal,  and  logs  deep  body  temperature.  Print¬ 
outs  arc  provided  for  1 -minute  epochs  (six  10-second  segments)  throughout 


13 


the  run,  along  with  the  sun  summary  report.  Two  divers  arc  accommodated . 

(Reft  rencc  this  report). 

Cone  1  us  ions  and  lteconnon'lat  i  ons 

a.  Conputer  analysi  .  is  i  fist,  economical  ne.ins  of  reducing  physiological 
data  from  diving  experiments.  It  provides  data  which  is  more  accurate 
and  complete  than  that  from  manual  techniques. 

b.  Faster  data  turn-around  permits  the  experimenter  to  keep  closer  control 
over  the  investigation,  as  well  as  to  utilize  interim  results  for 
validation  procedures. 

c.  Use  of  a  central  computer  facility  and  peripheral  tape  recording  brings 
the  potential  for  computer  analysis  to  a  broad  variety  of  studies,  in 
many  locales. 

(I.  extension  of  the  present  program  would  provide  on-line  safety  monitoring 
at  critical  dive  sites.  The  advantage  of  the  computer  is  that  it  can 
incorporate  more  complex  safety  criteria  than  can  the  more  usual  meter 
limit  alarms. 


If 
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IV.  COMPLEX  TASK  PERFORMANCE 
IN  COLD  WATER 


k:t£01)ijctk',.\ 

The  physiologic  mechanisms  that  come  into  ;  lay  during  co.d  w:*c.* 
immersion  and  t lie  variables  that  affect  these  mechanisms  are  of  obvious 
importance  to  the  working  diver.  'Die  detrincntal  effect  oc  extrenely  cold 
water  on  underwater  work  was  suggested  by  Pugh  ct  al  (1060)  and  fentingc 
(1061).  Others,  Costill  et  al  ,  (lDo'7),  investigating  these  meek  am  :r.s  with 
warmer  water  temperatures  came  to  the  conclusion  t!  at  water  temperature 
would  not  significantly  alter  the  metabolic  responses  of  men  during 
submnximal  work.  Craig  and  bvoral  (1068)  attempted  to  combine  t'is 
conflicting  testimony  into  a  unified  theory  relating  water  temperature  to 
core  temperature  drop  at  different  work  levels.  The  deleterious  effect  of 
low  water  temperature  on  work  performance  nas  been  demonstrated  for 
isloatcd  tests  by  Rowcn  (1068),  Miller  et  al.  (1060),  Stang  and  Wiener  (1070), 
and  others.  Intervening  variables  such  as  equipment,  type  of  work,  etc. 
have  not  been  well  quantified  in  the  literature. 

Our  aim  in  the  present  study  was  to  supply  a  broader  view  of  the 
physiologic  and  performance  picture  of  a  diver  as  he  works  in  cold  water 
on  a  comp  relic  n  s  i  vo  diving  task  with  typical  d.^ep  diving  gear.  Our  aj  preach 
was  to  utilize  past  experimental  i  on  ,  We  It  man,  hgstroi  et  al  .  (1060.  1070), 
as  a  comparison  tn  similar  experiments  at  colder  water  temperatures.  A 
2f)-ton  capacity  water  refrigeration  unit  added  to  the  1 1C  LA  Underwater 
Research  Facility  enabled  us  to  reduce  water  temperature  to  an  average  of 
44  F.  In  this  environment  performance  and  physiological  data  were  taken 
on  a  group  of  subjects  during  rest,  during  construction  of  a  standard 
pipe  assembly  tas!  ,  and  also  while  performing  a  blocl  -moving  tas)  . 

2.  METHOD 

2 . 1  Assembly  Task 

Descript  ion 

The  assembly  task  was  the  same  a.  that  previous lv  used  bv  We  It  man, 
Egstrom,  et  al .  (1060,  1070),  for  measurement  of  complex  underwater  work 
performance.  The  structure,  shown  in  detail  in  Appendix  I,  consists  of 
four  subassemblies  .and  a  manifold  mad'  of  2  inch  diameter  galvanized  pipe, 
with  appropriate  flanges,  gaskets,  valves,  and  connectors.  It  stands 
about  7  feet  high  on  a  4-foot  by  5-foot  base.  A  team  of  two  divers  lolt 
the  structure  together  with  appropriate  washers  and  spacers,  pressurize 
it  from  a  gas  console,  then  disassemble  it.  In  order  to  add  a  degree  of 
mental  reasoning  to  the  task,  five  diving  physics  problems  were  added, 
three  before  assembly  and  two  after.  The  five  phases  of  the  construction 
task  were; 

1.  Pre-Problems .  Throe  written  problems  requiring  t  lie  calcul  it  ion  of 

pressures  and  volumes  as  a  function  of  dept)  were  presente  ’  before 


the  assembly  of  the  structure  was  begun.  F.ach  problem  required 
several  steps  to  arrive  at  the  correct  answer.  Finch  diver  was 
required  to  fill  in  all  blank  .  lie  could  use  ncntal  reasoning  alone 
to  solve  the  problem  or  l.e  co  Id  calculate  on  any  available  pace  on 
the  answer  sheet.  A  typical  yre-problen  that  related  to  the  subsequent 
task  was:  "Cau;,e  pn.s'Hire  underwater  equals  depth  in  feet  tine"  0.5. 

Tills  is  called  "ambient  pressure.  The  structure  leak  check  pressure 
is  15  PSI  al  ovc  ambient  pressure.  At  your  depth  of  15  feet,  what 

should  the  console  gauge  read  for  leak  check  pressure?  _ 

What  should  th-»  console  gauge  road  for  seal ing  pressure'’  _  _ 

Similar  ])roblems  were  utilized  in  all  runs. 

2.  Assembly.  Three  pipe  suhasscnbl  ics  and  the  manifold  were  bolted  to 
the  structure  using  1/2 -inch  nuts  and  holts  and  a  specified  combination 
of  open  and  solid  gaskets.  The  pipe  sections  weighed  39,  44,  and  50 
lbs.  It  generally  required  noth  members  of  the  team  to  place  and  secure 
each  of  them.  The  nuts  and  bolts  were  tightened  with  an  adjustable 
wrench  and  a  torque  wrench  to  30  ft. -lbs.  of  tension  on  each  bolt. 

3.  Dewatering  and  Pressurization.  The  assembled  portion  of  the  pipe 
structure  was  dewatered  and  pressurized.  Both  sides  of  the  assembly 
leading  to  the  manifold  were  tested  indepcndtenly  for  leaks.  Air  was 
introduced  into  the  selected  side  of  the  structure  by  appropriate 
manifold  valves.  The  air  was  supplied  from  a  gas  console  through  a  hose 
which  the  divers  connected  to  the  manifold.  Once  the  section  had  been 
dewatered,  one  diver  closed  the  vent  valve  and  the  other  diver  increased 
the  structure  air  prossurc  to  a  specified  level.  The  first  diver  then 
reopened  the  vent  and  lowered  the  air  pressure  to  a  second  specified 
level.  Tho  second  side  was  then  dewatered  and  pressurized  by  the  same 
procedure.  The  task  always  required  the  coordinated  efforts  of  both  divers 

4.  Disassembly .  The  three  suhasscnbl ics  and  the  manifold  were  unbolted 
from  the  structure  and  placed  within  the  remaining  framework.  Nuts  and 
bolts  were  returned  to  a  container  and  the  gasket,  were  hung  on  a  wire  hook 

5.  I’ost-Prnhlcms .  The  post -probl  ens  were  identical  in  nature  to  the 
pre-problems ,  except  that  two  instead  of  three  problems  were  completed. 

2 . 2  Block  Moving 

Dcscripti on 

A  self -paced  block  moving  task  was  used  to  examine  the  physiological 
response  to  ;  moderate  work  load.  The  task  was  to  repetitively  move  five 
concrete  blocks  between  a  floor-level  pallet  and  a  three-foot -liipl  pallet  six 
feet  away.  The  blocks  measured  51/2x71/2x151/2  and  weighed  39  pounds 
submerged.  The  tas!  required  use  of  numerous  muscle  groups  both  in  the 
lifting  and  transport  segments  Previous  studies,  Weltman,  kgstrom,  ct  al. 
(1908),  had  demonstrated  relatively  high  work  levels  for  this  task  in  t he 
underwater  environment . 


20 


The  block  moving  task,  which  lasted  for  a  period  of  fifteen  minutes, 

\;-M  preceded  by  thirty  minutes  of  precooling.  The  precooling  period 
required  the  subject  to  remain  quiet  and  provided  tine  for  recording,  an 
approximate  physiological  baseline  with  which  to  compare  the  work  levels 
of  t he  construction  task  and  the  bind  moving  tas  .  \fter  com  1  tie:  of 
1 1  .e  Mock  moving  task,  the  subject  remained  in  t’  c  i.’  ter  for  five  nre 
minutes  while  post  exercise  data  was  recorded . 

2  .  3  Personal  l'qn  ip  rent 

Divers  wore  full  neoprene  wetsuits,  gloves,  and  booties  for  cold 
protection.  Instead  of  a  demand  regulator  as  previously  used,  the  divers 
wore  Kirby-Morgan  band  masls.  This  is  one  of  tic  commonly  used  underwater 
work,  masks,  and  provides  facial  protection  against  cold  water .  The  masks 
were  surfarc-suppl ied  through  umbilical  hoses.  The  Ki rbv -Morgans  permitted 
two-way  communication  with  the  surface,  but  not  between  divers.  The  divers 
wore  fins  and  a  weight  belt  and  were  instrumented  as  described  below. 

2 . 4  Performance  Recording 
Description 

Two  variables  of  interest  in  the  diving  situation  arc  useful  work  output, 
and  the  quality  of  that  work.  Construction  task  completion  tines  wore  used 
as  a  measure  of  work  output,  while  assembly  errors  and  problem  correctness 
were  used  as  a  rough  measure  of  the  quality  of  diver  output,  bach  diver  was 
provided  with  a  plastic  tablet  which  contained:  (1)  The  pre-problems;  (2) 
brief  assembly,  dewatering,  and  disassembly  instructions;  (3)  a  diagram  of 
the  completed  assembly;  and  (4)  the  post -problems .  Spaces  were  provided  on 
the  tablet  for  the  subject  to  record  his  phase  completion  times  and  problem 
answers.  The  investigators  also  recorded  completion  tines  on  the  physiological 
strip  chart  record  (see  below).  Times  were  later  cross-checked  to  verify 
their  accuracy.  The  subjects'  problem  answers  and  time  data  were  transferred 
to  subject  data  sheets  immediately  upon  the  completion  of  each  run.  The 
problem  answers  were  later  cheeked  for  correctness. 

The  objective  of  the  block  moving  task  was  to  determine  the  phvsiologi cal 
response  to  a  substantial  work  load  in  the  underwater  work  environment.  A 
record  was  kept  of  the  number  of  blocks  repetitively  moved  during  the  15-ninuto 
task  period. 

2 . 5  Physiological  Recording 
Description 

Heart  rate,  minute  volume,  respi ration  rate,  and  rectal  temperature 
measurements  were  taken  on  all  subjects  throughout  each  run.  Body  weight 
was  taken  pre  and  post  oxposurc  to  see  if  any  large  weight  losses  occurred 
at  this  water  temperature  under  normal  diving  conditions. 
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Doth  divers  wore  water-proofed  si  in  electrode;  connected  to  the 
preamplifiers  of  a  multi-channel  strip  chart  recorder.  Inspiratory  flow  was 
measured  by  means  of  a  laminar  flow  clement  and  associated  differential 
pressure  transducer  placed  in  the  air  supply  line.  The  flow  signal  was 
integrated  over  on*' -minute  intervals  us  -  or  an  ope  rational  amplier.  Hie 
amplifier  output  was  then  fed  into  tie  strip  ch.art  recorder.  \lt'-mate 
minute  data  were  obtained  for  both  divers  working  on  ti'.e  construction  task 
by  means  of  a  flow  switching  device.  Data  were  taken  continuously  on  the 
subject  performin'.’  the  block  roving  task.  Mien  the  data  were  later  reduced, 
volumes  which  were  measure  at  atmospheric  pressure ,  were  corrected  to  a 
depth  of  eleven  feet.  Respiration  rates  were  derived  by  counting  the 
between -breath  plateaus  on  the  integrated  minute-  volume  recordings. 

The  difficulties  associated  with  measurin'’  r he  temperature  of  the 
hypothalmus  in  a  submerged,  working  diver  arc  considerable.  While  external 
auditory  canal  temperature  is  an  excellent  measure  of  core  temperature  for 
non- submerged  subjects,  damning  of  the  car  is  risky  for  divers,  because 
increased  water  pre  sure  may  drive  the  dam  into  the  sensitive  eardrum. 

We  therefore  settled  on  rectal  temperatures,  a  relatively  easy  measurement, 
as  the  best  available  estimate  of  core  temperatures.  A  specially-prepared 
flexible  thermistor  probe  was  inserted  approximately  four  incites  into  the 
rcetun.  Data  were  taken  throughout  t lie  rim.  A  switching  device  was  used 
to  obtain  alternate  minute  rectal  tcrocratures  for  each  diver  during  the 
construction  task.  Measurement  was  continuous  during  the  block  moving  task. 

Weight  losses  were  recorded  by  accurately  (O.foz)  weighing  the  nude 
subject  before  and  after  each  experimental  session.  The  subject  was  weighed 
after  lie  had  voided  ami  before  suitin';  up.  He  was  rewei plied  after  he  had 
thoroughly  dried  himself  with  a  towel  and  voided  if  necessary. 

2.6  1 ; xperinent al  Lo cal c 


Description 


All  experimental  sessions  were  carried  out  at  the  UCLA  Underwater 
Research  Facility.  The  Facility's  operational  versatility  was  expanded  with 
the  installation  of  a  Dunham- Hush  25-ton  water  refrigeration  unit.  In 
addition,  equipment  was  added  to  monitor,  by  switching,  minute  volumes  and 
rectal  temperature  of  two  divers  during  experimentation. 

Mean  Water  temperature  for  botii  the  construction  task  and  the  block 
moving  task  was  44  F.  The  range  during  the  construction  scries  was 
42-50  F.  The  high  temperature  was  the  result  of  a  one  day  outage  of  the 
unit.  The  range  for  the  block  moving  series  was  45-45  F.  Outside  air 
temperature  averaged  about  83  F,  with  a  range  of  75-04  F. 

2 . 7  Subj  ects 

Description 

The  subjects  for  this  experiment  provided  as  representative  a  population 
as  was  possible  from  the  diving  community  available  to  us.  Twenty-five 
subjects  participated  in  the  construction  task.  They  varied  in  age  from 


18  to  43  years;  their  average  ape  was  2?  years.  I'ivin  experience  ranged 
f rein  3  nonths  to  16  years,  and  averaged  31/2  years  bight  subjects 
participated  in  the  block  moving  task.  They  averag'd  30  years  of  aye  wit! 
a  range  of  22  to  43.  Their  diving  cxjierier.ee  "aried  from  1  to  16  voars  anti 
al  a'  averaged  31/2  years. 

Tlic  backgrounds  of  our  subjects  varied  on  m  u:.i  _r:’-  u  lent 
and  staff  (4),  some  Lor.  \<  ;<  1c  imi  t;  sheriffs  fvi"  *  u  •  •  Serv'  e» 

Detail  (8) ,  and  some  were  r.tudei  ts  in  a  local  o:  t.)  livii  ..  >ol  '\5,  . 
Three  subjects  participated  in  both  tie  construction  'r  *;  u  *  >  lock 
moving  task. 

3.  procfduri: 

Description 

for  the  construction  task  the  twenty-five  subjects  were  forrcJ  into 
two-man  teams,  bight  teams  ran  twice  and  six  teams  on  1 ,  once.  Three  neribers 
of  these  six  teams  narticipated  in  two  runs.  Therefore  nineteen  subjects 
participated  twice  and  six  participated  once.  All  suojects  were  given  at 
least  one  dry  run  on  construction  procedures  and  all  questions  concerning 
tlic  task  were  answered.  They  were  encouraged  to  discuss  their  plans  and 
decide  which  diver  would  do  each  ta.sk.  Signals  were  prearranged  by  tlic 
subjects  since  they  could  not  communicate  verbally  um.orwater.  Tlic  subjects 
were  given  one  or  two  practice  diving  physics  problem:,  and  all  had  had 
moving  experience  with  problems  of  this  type.  Hie  i loc!  moving  task 
involved  individual  runs.  Tlic  eight  subjects  were  given  brief  instructions 
on  procedures.  Tlic  simplicity  of  the  task  provided  u:  iformity. 

Upon  arrival  at  the  Research  facility  tlic  subjects  were  first  briefed. 
They  were  then  weighed  and  donned  wetsuit  bottoms  and  booties.  The  rectal 
thermistors  and  electrodes  were  next  applied  The  subj  .-cts  finished  dressing. 
Wien  ready  they  went  to  the  diving  platform  to  put  on  the  Kirby -Morgan 
helmets  and  weight  belts,  and  to  connect  their  senor  unhilicnls.  They  then 
entered  the  water  and  began  the  experiment. 

4.  RhSUl.TS  AND  DISCUSSION 
4.1  Pc_rjyommcc_  in  Cold  Water 
Description 


Assembly,  dewatering ,  and  disassembly  phase  completion  times  rr>r  the 
present  cold  water  series  and  comparable  data  from  nant  experimentation  at 
60°F  and  80°F  arc  tabulated  in  Table  IV  1.  The  eight  subjects  for  the  60°r 
runs  had  been  diving  for  an  average  of  4  years.  All  had  at  least  1-1/2  years 

diving  experience.  They  were  given  two  practice  runs.  he  data  listed  is 

the  results  of  the  two  experimental  runs  for  tlic  nine  teams  which  participated. 

Five  divers  who  had  been  diving  consistently  for  at  least  2  years  were  the 

subjects  for  tlic  80nF  runs.  For  a  conservative  comparison,  tlic  data  presented 


for  this  port  comfortable  worl  in,;  environment  arc  tie  first  four  runs 
that  e  irh  of  the  ilivers  participated  in. 


r  mil;:  i 


Construction  Task.  Ph  isc  Ci-noletion  .ines 

(Minutes! 

Phase 

'.’..ter  Tenner. it urc 

•44°!' 

f,0°F 

su°r 

Assembly 

24.5 

22  7 

10.5 

Dewater in 

.  (> 

6.7 

Di s assembly 

10.  T> 

8.0 

f  .7 

Totals 

40.6 

38.3 

26.0 

Tlic  two  completion  tines  of  most  interest  are  the  assembly  and 
disassembly  phases.  These  task  phases  are  the  least  compressible .  That 
is,  each  step  in  each  phase  requires  the  completion  of  the  previous  one. 
Therefore  there  are  no  methods  other  than  increased  efficiency  that  will 
result  in  their  shortenin''.  The  ext  re  no  hand  cooling  in  the  44  UF  water 
necessitated  the  wearing  of  neoprene  diving  gloves,  while  ('loves  were 
worn  hv  only  two  subjects  during  tin  <  0  f  runs  and  by  none  at  all  during 
the  80  F  tui>s .  The  increase  in  hand  insulation  most  likely  offset  the 
expected  decrement  in  manual  performance  due  to  cold.  It  is  felt  there¬ 
fore  that  the  initial  construction  phases,  particularly  the  assembly 
phase,  are  somewhat  shorter  than  they  otherwise  would  have  been. 

The  total  tine  required  for  the  isscmbly  and  dewatering  phases  was 
10  minutes  longer  in  the  60°I:  water  than  in  the  80°J;  exposures.  Tlie  44°F 
subjects  wearing  gloves  rccuired  about  two  minutes  longer  than  the  ( 0°F 
subjects  for  assembly.  'I hey  completed  the  dewatering  phase,  however,  in 
less  tine  than  the  60°F  subjects. 

The  divers  in  the  44°F  exposures  had  typically  been  in  the  water 
about  34  minutes  by  the  start  of  the  disassembly  phase.  F.vcn  with  the 
diving  gloves,  hands  were  numb  and  in  some  instances  stinging  by  this  tine. 

The  decrements  in  completion  time  for  the  60°F  and  the  44°F  disassembly 
phases  over  the  80°F  series  were  24?.  and  57%  respectively.  Tlic  decrement 
observed  in  the  44°r  exposures  over  the  60°F  runs  was  on  the  same  order  as 
Bowen  (1068)  observed  in  his  group  assembly  task. 

The  faster  problem  set  and  dewatering  completion  tines  scon  at  44°F 
corroborated  previous  findirgs  (Welt nan,  Fgstrom,  et  al . ,  1069  and  Bowen, 

1968)  of  an  apparent  speed-up  in  compressible  dive  phases  as  environmental 
stress  increases. 

Performance  of  our  subjects  on  the  dive  problems  in  the  44  V  water  suggested 
a  division  of  the  population  into  two  groups.  In  the  first  group  were  all 
those  subjects  who  bad  extensive  backgrounds  in  numerical  computation,  such 
as  engineers,  scientists,  and  physical  science  students.  The  ot)  er  group 
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consisted  of  those  subjects  who  did  not  have  this  extensive  rathe nnti cal 
background,  the  sheriffs  deputies,  commercial  diving  students,  etc. 


Table  TV  2  sunnarir.es  per  for:  ance  scores  for  t’ c  two  types  of  subjects 
in  water  of  three  temperatures .  A1 though  all  subjects  "ere  'n-'ru  *  1  on 

the  method  for  solving  the  problems  .ami  were  given  example  pr  d  '..ns  prior 
to  the  dive,  the  group  that  did  not  have  numori  cal  hack  "round  ’"'hmrd  qt  to 
poorly  throughout,  and  showed  a  consist,  at  decrease  in  accurn  ire,  v*  to 

post  task  test  in  The  nather.atic.al"  rroun ,  or  the  oth'~r  ha  u’ ,  was  not 

unifonnly  affected  even  by  the  14  F  cx])csurc. 

It  is  concluded  that  for  those  individuals  ’  11  practiced  in  solving 

written  problems,  water  temperature  will  not  cause  si  nificant  dec rer.cn t s 
in  performance.  However,  subjective  reports  of  extreme  difficulty  in 
concentration  on  the  tasl.  at  hand  "tiggest s  an  increased  cost  or  maintainin'', 
normal  mental  performance  in  cold  water.  This  finding  is  in  a.  roe;  nr  with 
bowen’s  report  of  "cold  water  environmental  distraction  associated  with 
tasks  requiring  the  use  of  short-torn  memory,  on  which  our  "non- mathematical  ' 
subjects  perhaps  had  to  rely  on  almost  entirely. 


TAUI.C  IV -2 


Hive  Problem  Performance  (Percent  Correct) 

Subjects 

Water  Temperature 

44  r 

60  F 

80  F 

Pre 

Post 

Pre 

Post 

Pre 

Post 

University  Divers 

80 

00 

02 

70 

00 

03 

Regular  Divers 

30 

24 

i/i 

1 _ 

21 

1 

1 

_ i 

4 . 2  Work  Level  and  Phy siologi  cal  '  lesp  on  so 
Description 

Heart  rate,  minute  volumne,  and  respiration  rates  for  the  five  phases  of 
the  construction  task  arc  presented  in  Table  IV  3.  .Similar  data  for  the 
block  moving  task  is  presented  in  Table  IV-4,  The  data  reflect  the  difference 
in  work  levels.  During  the  30-minute  pre-col  liny  period  heart  rate  averaged 
86  beats/rin,  while  during  the  construction  task  the  average  was  never  under 
103  beats/min.  The  block  moving  phase  was  obviously  more  stressful  than  any 
period  during  the  construction  task,  with  heart  rate  averaging  123  beats/min 
during  this  period.  On  the  average:  the  subjects  moved  2,106  pounds  (34  blocks) 
from  the  low  pallet  to  the  higl  pallet  and  back  again  during  t lie  fifteen 
ninutes  of  this  phase. 
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TABU  IV- 3 

su»«M!Y  nr  i:AMi'fo-Ri:spiK.\Tf,nY  data 
Dim  INC  CON  ^RUCTION  TASKS 


I”  a  sc 

Heart  l  ate 
( Rcat/Ni  note) 

Minute  Volume 
(Literr ) 

Respiratory  Rate 
(Breatns/Minute) 

High 

A  vo 

Low 

Low 

Hi  Eli 

Avc 

Low 

Pro  Problems 

140 

107 

70 

36 

21 

11 

31 

17 

7 

'  sscmbl  v 

ISO 

114 

94 

38 

wa 

28 

19 

mm 

Debater 

142 

107 

83 

44 

29 

19 

32 

19 

9 

Di  ssassenbly 

144 

113 

89 

46 

31 

20 

32 

20 

10 

Post  Problems 

120 

103 

76 

49 

29.7 

32 

19 

9 

TABLH  IV-4 

SUMMARY  OP  CARD  10 -RESPIRATORY  DATA 
DURING  BLOCK  MOVING 


(N-8) 


Phase 

Heart  Rate 
(Beats/Minutc) 

Minute  Volume 
(Liters) 

Respiration  Rate 
(Breaths/Minute) 

Nigh 

Ave 

Low 

High 

Avc 

Low 

High 

Avc 

Low 

Pro  -Cooling 

104 

86 

78 

22 

14 

9 

13 

8 

6 

Block  Moving 

159 

122 

110 

43 

34 

n 

25 

16 

12 

Post-Cooling 

121 

89 

73 

30 

24 

18 

18 

12 

5 

Average  rectal  temperatures  for  the  first  40  minutes  of  the  construction 
task  and  tho  block  moving  are  presented  in  Figure  IV- 1.  Only  runs  lasting 
40  minutes  or  more  arc  included  in  the  averages  to  prevent  shifts  due  to 
the  loss  of  data  points.  During  the  activity  of  the  construction  task  rectal 
temperatures  initially  dropped  slightly,  while  during  the  rest  period  (30 
minutes)  before  block  moving  they  did  not.  Oraig  and  Dvorak  (1°6R)  observed 
similar  results  in  warmer  water,  liven  with  the  neoprene  diving,  suits  adding 
insultation,  light  exercise  produced  larger  falls  in  rectal  temperatures  than 
rest.  This  is  consistent  with  the  view  held  by  Keatinge  (19C1)  Pugh  and  his 
coworkers  (1955,  I960),  and  Craig  and  Dvorak  (1968)  that  the  increase  in 
extremity  blood  flow  acconpanging  exercise  causes  increases  in  body  heat  loss 
that  arc  larger  than  the  heat  produced  by  that  exercise.  The  moderate  exorcise 
of  the  block  moving  produced  a  slower  fall  in  rectal  temperatures  than  did  the 
less  strenoas  construction  task.  This  suggests  that  light  exercise  is  the 
worst  situation  for  core  temperature  loss  in  cold  water. 


The  sudden  increase  in  work  level  after  chilling  encountered  in  the 
block  moving  task  resulted  in  three  subjects  reporting  nausea  during  and 
after  the  block  moving  phase.  One  subject  felt  nauseous  for  two  hours 
after  the  exposure.  These  subjective  reports  emphasize  tho  stress  produced 
by  the  combination  of  cold  and  heavy  exercise. 
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Weight  loss  for  the  c i "lit  subjects  who  participated  in  the  block 
Moving  averaged  7.4  ounces,  and  ranged  from  0  to  20  ounces.  For  the 
construction  task  it  averaged  6.9  ounces,  varying  from  3  to  15  ounces. 
These  snail  weight  losses  were  felt  to  be  no re  a  result  of  sweating  on 
the  surface  than  to  any  diuresis  that  could  have  developed  during  the 
exposures . 

4 . 3  Wat  e  r  Tcmcratu  re :  and  Physiol  or  ictl  he  spoils  e 
Description 

Phasc-by-phasc  environmental  conparison  for  heart  rates  during  the 
construction  task  are  presented  in  Table  IV-5,  the  sane  data  arc  plotted 
in  Figure  IV-2.  Heart  rate  increased  as  water  temperature  decreased  for 
all  five  phases,  and  the  similarity  in  response  patterns  is  striking.  It 
is  felt  that  the  initial  increase,  particularly  in  the  pre-problems  and 
the  beginning  of  the  assembly  phase,  may  be  due  to  a  cold-induced  reflex 
such  as  Kcatingc  ct  al  (1964)  found  in  his  subjects  suddenly  subjected  to 
cold  showers.  As  the  period  of  exposure  continues  the  increased  heart 
rates  arc  probably  maintained  by  increased  metabolism.  In  earlier  work 
Kcatingc  and  Evans  (1961)  found  similar  increases  in  their  nude  subjects 
resting  in  water  at  about  tho  same  temperatures.  At  water  temperature  of 
9.p>  F  and  higher  they  observed  increasing  heart  rates.  Craig  and  Dvorak 
(1968,  1969)  observed  that  this  increase  started  at  slightly  lower  water 
temperatures,  when  the  subjects  increased  their  work  output,  floore  et  al. 
(1970)  working  at  water  temperatures  of  from  61  to  86°F  saw  minimum  heart 
rates  at  72°F  at  rest  and  low  work  levels  and  at  61°F  at  higher  work  level 


TABLE  IV-5 

HEART  RATES  DURING  CONSTRUCTION  TASK  AT  DIFFERENT  WATER  TEMPERATURES 


Phase 

Heart  Rate 
(Beats/Minute) 

44°F 

(N=25) 

60°F 

(N-8) 

80°F 

(N=15) 

Pre- Problems 

107.5 

92.2 

78.3 

Assembly 

114.2 

107.5 

91.3 

Dewatering 

107.8 

99.3 

81.3 

Disassembly 

113.9 

107.5 

86.7 

Post -Problems 


103.7 


93.2 


75.7 


Fifurt  IV-2.  Heart  Rat«  During  Construction  Task  at  Diffs'ant  Watar  Temperatures 

NOf  RCPR°DUCIBiE 


Costill  ct  al .  ( 1  7 )  on  the  other  i-.an-l,  observed  to  s,  niificant  char  in 

heart  rate  with  water  tepporaturc.  'l^.vver,  ’'is  subjects  we  r-  cxerci r 
at  work  levels  necessitatin'  3  liter**  oe  oxy  n  nor  ’"‘ruto  air!  hmrt  r  t\s 
near  lf.o.  This  hiph  worl  rate  effectively  i. asked  r.nv  differences  pres  t. 

Vi  nut  c  volumes  aid  re**  *  rn* ion  **»r  t  <*  for  A",'1]  a  d  r,r°p  runs  are 
presented  in  Table  I V  -  f>  and  !'ij*urc  !V  .1.  T  ■  ~cs**  i  ra4  i  r*n  monitorin'* 
equipment  described  in  this  ’emrt  i  ot  \  ed  durin  t’e  C I'xposur  >. 
because  tho  initial  intent  nf  t)'nr,%  r*;**s  did  not  occosiitatc  enact 
measurements.  Scuba  tank  nress’ire  d'-cps  we r~  wed  ar  a  roup.h  indicator 
of  air  consumption,  but  this  net!  od  i  ot  sufficiently  accurate  for  our 
present  cotnparision .  Therefore  that  data  is  omitted. 

The  minute  volumes  and  restoration  rates  in  all  phases  increased 
from  the  80°r  runs  to  the  44nr  runs.  l  ike  the  initial  ir.cre  >sc  in  heart 
rate,  the  initial  increase  in  respirati'o  is  f  -lt  to  be  reflex  in  nature. 
Kcntinpc  and  Madel  ( 1 005 )  support  this  reflex  hypotheses.  They  furt'  <  ** 
reported  that  their  subjects  could  not  volu**t  ari  ly  control  their  breath  inq 
durinp  the  bcp.inninp  of  ice-cold  showers,  which  ould  resent  an  ru'd  ] 
danper  to  a  diver  in  an  cnorponcy  situation  :n  cold  r  ’tor,  \s  tho  lor.  :h 
of  the  exposure  continues,  increased  metabolism  undoubtedly  crvitru  nt<  to 
the  increases  in  respiration.  Crnip.  an!  dvoral  flPCR,  l'V  »  reported 
increased  oxypen  consumption  in  rest'd  and  <**  •  r‘rci  sin  <■-  ii.divi  !u  Is  \  .*  i 4 1 
decreases  in  water  temernture .  Voore  (t  al  .  (If’d'1  observed  lower 
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ventilation  rates  in  their  subjects  in  86  F  water  than  was  seen  in  72  F  and 
61°F  water  for  all  work  rates.  Costill  et  al.  (1D67)  similarly  observed 
increased  ventilation  rates  in  63°F  water  over  80  F  exposures. 


TAP, LI.  IV-(. 

RESPIRATORY  RESPONSE  DURING  CONSTRUCT  ION  TASK 
AT  DIFFERENT  WATER  TEMPERATURES 


Phase 

Water  Temperature 

44°F 

(N«25) 

80°F 

(N-15) 

Minute 

Volume 

(Liters) 

Respiration 

Rate 

(BPM) 

Minute 

Volume 

(Liters) 

Respiration 

Rate 

(BPM) 

Pro -Problems 

21.1 

16.0 

17.0 

10.3 

Assembly 

27.2 

18.0 

24.3 

12.3 

Dewatering 

28.7 

10.2 

20.7 

11.3 

Disassembly 

31.1 

20.4 

21.7 

12.3 

Post -Problems 

20.7 

10.4 

10.3 

11.3 

10  l  1 - 1 - 1 _ I _ I 

PRE-  ASSEMBLY  DEWATERING  DISASSEMBLY  POST- 

PROBLEMS  PROBLEMS 

Fi«w«  IV -3  Mtowta  Votunrn  During  Construction  T«k  at  Diffvant  Water  Tsmparetuns 


Graphical  presentation  of  the  ''cart  rate  and  ventilation  rate  data 
indicates  that  there  must  also  he  another  factor  involved.  Figure  JV-2 
demonstrates  a  rcaltivelv  constant  increment  in  heart  rate  throughout  the 
exposures.  Figure  IV  3  shows  that  the  increase  mi  ventilation  rate 
become  larger  as  the  exposure  length* nod .  1'inntc  volumes  during  the 
pre-problcns  were  4  liters/ninute  larger  in  the  44°F  series  th  i;  in  the 
3n°F  runs.  Tlic  difference  '  ad  ircveased  to  10  liters/ninute  h,  the 
post-problons . 

Fxaninntion  of  Kca*ingc  and  hvan's  data  (1961)  reveals  similar 
differences  between  watc.  temperatures.  If  the  increase  in  ventilation 
was  due  solely  to  increased  metabolism,  these  increases  should  he  matched 
by  corresponding  increases  in  heart  rates.  It  is  hypothesized  that  as  the 
duration  of  the  exposure  continues,  the  diver  is  more  highly  stressed,  both 
physiologically  and  psychologically.  Increasing  stress  results  in  an 
inability  to  control  respiration.  [Hiring  the  initial  stages  of  exposure 
the  divers  often  controlled  tneir  respiration  to  lessen  interference  with 
the  task  at  hand.  Thus  when  a  diver  is  attempting  to  thread  a  nut  on  a 
bolt,  lie  may  suppress  his  breathing  momentarily.  The  small  difference 
in  minute  volunes  during  the  assembly  phase  supports  this  observation. 

As  exposure  lengthens  and  his  stress  load  increases,  the  diver  must  channel 
more  of  his  attention  to  the  central  task  and  loss  to  those  that  are 
secondary.  Diminished  control  over  secondary  phenomena  is  manifested  in 
increased  respiration.  This  hypothesis  is  an  extension  of  the  concept  of 
perceptual  narrowing  on  task  performance  Me  It  man ,  r.gstron  et  al .  1969) 
to  include  psychological  control  of  respiration. 
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V.  COMPUTF.n  HANDLING  OF 
PHYSIOLOGICAL  DATA  FROM  DMT.PS 


INTRODUCTION 


1  . 1  background 
Description 

Mensuronent  of  diving  work  performance  at  the  UCLA  Underwater  Research 
Facility  has  depended  heavily  on  physiological  data.  The  physiological 
recording  system  used  at  the  facility  and  in  the  field  have  been  described 
fully  elsewhere,  and  are  reviewed  only  briefly  below. 

Plectrocardiographic  (I1CG)  signals  arc  recorded  by  means  of  waterproofed 
electrodes  connected  by  shielded  cable  to  a  high-input  impedance  amplifier. 

I  spiratory  air  flow  is  measured  by  a  differential  pressure  transducer  located 
across  a  laminar  flow  element  in  the  diver's  air  line.  Flow  is  integrated  by 
an  operational  amplifier  to  give  consecutive  minute  volume.  Recently,  temperature 
measurement  from  rectal  probes  has  been  added  to  the  bioinstrumentation  system. 
Generally,  the  three  basic  parameters  --  F-CG,  inspiratory  minute  volume,  and 
deep  1)ody  temperature  --  arc  measured  for  two  divers  simultaneously  over  runs 
typically  one  hour  long. 

To  date,  physiological  measurement,  whether  at  the  Facility  or  in  the 
field,  has  yielded  continuous  strip  charts  on  which  arc  recorded  the  various 
parameters  for  each  particular  run.  Figure  V-l  is  a  sample  record,  showing  the 
parameters  an  1  their  range  of  values.  Strip  chart  recording  is  not  unusual 
for  such  experimentation.  However,  manual  reduction  of  these  paper  records 
has  occupied  a  considerable  number  of  man-hours  over  the  past  few  years,  and 
yields  at  F>cst  partial  information. 

An  automatic  on-line  data  recording  and  reduction  system  was  developed 
as  n  means  of  improving  these  procedures.  The  system  takes  advantage  of  a 
standard  computer  facility  and  of  magnetic  data  recording  techniques  for 
obtaining  fast  and  efficient  data  analysis.  Among  the  advantages  of  this 
approach  are  the  following: 

.  The  need  for  manual  data  handling  and  reduction  is  eliminated. 

Whenever  further  computer  analysis  is  required  there  is  no  need  for 
additional  card  punching  or  other  manual  data  entry. 

The  accuracy  of  the  experimental  data  irproves. 

Larger  amounts  of  data  can  be  reduced  in  shorter  rimc  --  the 
experimenters  arc  provided  with  the  possibility  for  early 
identification  of  sensitive  test  parameters. 
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The  system  takes  advantage  of  standard  computer  facilities  and 
multichannel  analog  recording  technique- -no  special  purpose 
hardware  is  required. 

.  The  system  generates  organized  and  ordered  summaries  of  the 

physiological  data  in  the  form  of  print'  d  reports  and  graphical  plots. 

1 . 2  System  Concept 

Dccription 

figure  V-2  illustrates  schematically  the  system  concept.  On-line 
computer  analysis  of  the  physiological  data  is  performed  in  three  phases. 

Tlic  first  phase  is  the  experimental  run,  where  data  is  acquired  by  the 
bioinstrumentation  system  and  recorded  on  an  FM-FM  tape  recorder.  The  second 
phase  is  analog  to  digital  conversion,  where  the  recorded  analog  data  is 
converted  to  a  computer  compatible  digital  tape.  Digital  tape  provides  a 
means  for  direct  data  transfer  to  the  computer  facility  (an  IBM  300/90 
computer  is  available  on  the  UCI.A  campus).  In  the  third  phase  the  experimental 
data  is  processed,  and  summary  reports  and  graphical  plots  arc  generated.  The 
program  is  stored  on  cards  and  entered  in  to  the  computer  before  processing. 

In  later  versions,  program  modifications  might  also  he  made  by  means  of  inter¬ 
active  terminal. 

2.  THE  COMPUTER  PROGRAM 

2 . 1  General  Organization 
Description 

The  general  organization  of  the  program  is  show  in  Figure  V-3.  Starting 
from  the  top  of  the  figure,  the  program  reads  in  a  record  of  one  minute  of 
digitized  data  samples.  The  data  is  then  organized  in  core  for  processing. 

Heart  rate  and  minute  volume  values  are  calculated.  A  report  image  is 
formulated  and  a  onc-minute  report  is  printed.  The  above  process  continues 
until  all  the  experimental  data  is  processed.  The  following  sections  of  this 
chapter  provide  detailed  descriptions  for  the  heart  rate,  minute  volume,  and 
summary  report  subprograms. 

2 . 2  E(’G/Hoart  Rate  Analysis 
Description 

The  function  of  the  ECC  program  is  to  automatically  and  continuously 
extract  heart  rate  information  from  a  digitized  ECC  signal,  on  a  beat-to-bent 
basis.  Digital  samples  of  the  F.CG  signal  arc  recorded  on  a  digital  tape. 
Rcat-to-beat  heart  rate  is  derived  from  the  measured  interval  between  successive 
'I'.'  waves.  Thus  tlic  fundamental  processing  task  is  to  recognize  with  certainty 
that  an  * H *  wave  lias  occurred  in  the  digital  data  record. 
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The  approach  adopted  is  based  on  one  first  used  by  Caccres  and  his 
pro  up  at  IlfW,  Washington ,  D.C.  The  technique  rests  on  usinp  the  derivative 
of  the  ECG  signal,  rather  than  the  raw  signal  itself,  as  the  basic  reference. 
Differentiation  eliminates  most  of  the  problems  associated  -.it!  trying  to 
apply  strict  amplitude-threshold  criteria  to  a  complex,  mil tiphasic ,  variable 
amplitude  waveform. 

Figure  V-4  illustrates  a  typical  F.CG  signal  (continuous  processing 
includes  the  following  steps  (see  Appendix  II): 

The  incoming  signal  is  digitized  at  the  rate  of  240  samples/scc . 

The  differentiated  waveform  is  obtained  by  computing  the  slope 
DV ( I )  as  follows: 

DV(I)  =  V(I*4)  V(I)  where  V(I)  is  the  ECG  signal  level  at 
the  I*h  sample. 

An  initial  2-second  segment  of  waveform  (whicli  contains  at  least 
one  QRS  complex)  is  selected  for  examination. 

.  The  greatest  negative  value  of  the  derivative  is  located  and 
established  as  a  reference  point.  (This  usually  occurs  on  the 
descending  portion  of  the  'R'  wave.) 

.  The  threshold  limit  value  is  established  for  determining  equivalent 
reference  points  on  succeeding  complexes.  The  threshold  is  maximum 
negative  derivative  value  plus  one-sixth  the  range  between  the 
maximum  negative  and  maximum  positive  values  and  can  be  written  as: 

REF«DV(I)MIN  +  (l/6DV(I)MAX  -  DV(I)MIN) 

A  positive  threshold  value  is  established  for  determining  a  lower 
acceptable  limit  for  the  positive  derivative  ROSR.  This  limit  is 
determined  as : 

ROSR  *=  D ( I )  MAX  ♦  1/6  (DV(I)  MAX  -  DV(I)  MIN) 

The  presence  of  an  'R'  wave  is  checked  for  by  sensing  that  a  maximum 
positive  derivative  of  sufficient  value  (e.g.  {J.38  mV/sec)  has 
occurred  within  a  fixed  interval  (e.g.  128  msec)  before  the  reference 
point.  (This  shows  that,  the  sharpest  wave  in  the  complex  was 
positive  going,  and  that  it  was  sufficiently  sharp  to  be  an  ' R '  wave). 

If  an  ' R '  wave  is  present  its  peak  is  located  at  the  point  of 
maximum  amplitude  in  the  ECG  signal  within  about  64  msec  before  the 
reference  point . 

.  The  next  • R •  wave  is  found  by  applying  the  above  rules  each  time  a 

potential  reference  point  occurs,  (negative  derivative  below  threshold.) 
R-R  intervals  are  measured  by  counting  the  number  of  samples  between 
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Figure  V-4  Typical  Waraforena  in  EGG  Haart  Rata  Froeaaaing 


•  I’ '  waves,  or  by  using  internal  timing  information.  Beat -by-beat 
heart  ratr*  is  obtained  by  taking  the  reciprocal  of  the  K-R  interval. 

The  heart  rate  within  eacl  10  second  interval  is  calculated  by 
averaging  the  P.eat  to-Bcat  rates  which  occur  over  this  period. 

A  one  minute  i-’an  heart  rate  is  calculated  each  minute  by  averaging 
six  consecutive  10-sccond  heart  rate  means. 

As  noisy  data  occurs,  it  is  deleted  from  the  process  by  the  program. 
That  is,  when  an  M"  wave  determination  cannot  be  made,  the  program 
ignores  that  interval  and  goes  on  to  the  next.  The  missinj  data  do 
not  influence  the  statistical  averages. 

2 . 3  Minute  Volume  Program 

Pescription 

The  object  of  the  Minute  Volume  Program  is  to  analyse  the  integrated 
respiratory  waveform  in  order  to  compute  the  volume  of  air  (in  liters)  that 
the  working  diver  inhales  cacli  minute.  The  typical  minute  volume  waveform 
appears  as  follows: 


The  ramps  correspond  to  inspiration  while  the  plateaus  reflect  the 
expiratory  phase  of  the  respiratory  cycle.  In  order  to  measure  the  amount  of 
air  inspired  each  minute,  the  program  must  compute  the  amplitude  of  the 
waveform  just  before  it  is  reset  to  the  zero  baseline. 

Due  to  variations  in  the  recording  equipment,  the  program  was  also  designed 
to  perform  a  calibration  procedure,  bach  minute  volume  run  begins  with  a 
calibration  (cal)  signal.  This  cal  signal  sets  up  in  the  program  the  lower 
baseline  love  (V^^)  and  upper  values  corresponding  to  the  full  range  of 
minute  volume,  (V^  ) •  The  following  is  a  typical  cal  signal. 
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Tin  program  converts  digitized  data  readings  into  the  appropri  ate 
air  volume  measurements.  Tlie  program  was  also  designed  to  filter  out 
inaccurate  data  caused  by  frcc-flow  leakages  of  air.  This  is  done  by  check¬ 
ing  rate  of  change  for  the  integrated  minut'  volume.  If  invalid  data  is 
evident  (rate  of  change  to  high)  the  entire  method  is  discarded,  and  the 
program  proceeds  t  the  following  minute  segment. 

The  operation  of  the  program  can  he  followed  from  the  flow  chart  of 
figure  V  5,  and  is  summarised  as  follows: 

.  The  program  first  defects  t!  e  calibration  signal.  This  is  done 

by  checking  whether  t ho  slope  of  the  signal  exceeds  a  present  threshold. 

Minimum  and  maximum  calibration  signal  levels  arc  read  by  the  program 
and  a  calibration  constant,  K^,  is  calculated  as  follows: 

K  =  50  liters/volt 

V  V  ^V~7 
max  min 

.  The  program  checks  for  the  beginning  test  run  data  and  checks  whether 
free  flow  exists.  The  rate  of  change  of  the  signal  occurring  within 
the  first  15  seconds  of  run  is  calculated  in  order  to  detect  a 
plateau,  as  shown  below: 


Vjj  and  Vc  are  determined.  Free  flow  exists  if  (Ve  -  V^)  where  is  the 
free  flow  slope  threshold. 

If  free  flow  exists,  the  program  deletes  the  1  minute  segment  of  data 
containing  free  flow  volume  value. 

If  the  data  arc  'alid,  the  program  reads  the  amplitude  at  the  end  of 
1  minute  and  calculates  the  volume  as  follows: 


V  =  VAM  X  KV 


The  above  procedure  is  repeated  with  subsequent  1  minute  data  segment^. 

Although  the  program  does  rot  presently  do  so,  it  is  planned  to  use  the 
internal  identification  of  inhal  ition  to  determine  respiratory  rate  for  each 
1  minute  interval. 
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2 .  3  Lore  Tempo r a t ire  Program 
Description 


The  function  of  r ho  core  tcmpcrir urc  program  is  to  calibrate  the  data 
aid  calculate  the  average  tcnperatir-c  level  in  each  1  rinute  interval. 
Calibration  is  performed  the  sane  as  i.n  the  minute  volume  program,  i.c.,  a 
calibration  constant  Ky  of  °F/Volt  is  established.  Data  is  sampled  every 
10  seconds  and  a  one  minute  average  is  computed  every  six  samples. 

2 . 4  Analysis  Deport  and  Graph i ca_l_ _Pl  ot s 

Dos cription 

The  basic  analysis  report  consists  of  a  1  minute  time  line  presentation 
of  the  processed  data,  bach  one  minute  of  data  makes  up  a  page  in  the 
report.  An  example  of  a  page  is  shown  in  Figure  V-6.  The  report  contains 
physiological  data  from  two  divers.  There  are  three  basic  columns  for  each 
diver  which  arc:  Heart  rate,  Minute  Volume  and  Cor  Temperature.  Each  line 
of  the  report  represents  data  of  a  10-second  time  interval  of  experimental 
run.  The  Heart  Rate  represents  a  10-second  mean  of  the  beat-by-beat  mean. 

The  10-second  Minute  Volume  value  represents  the  integrated  value  to  that 
point.  A  minute-by-minute  summary  is  produced  at  the  run  end. 

As  an  option  the  program  can  also  produce  graphical  plots  of  experimental 
data  as  a  function  of  time.  The  graph  is  generated  by  a  CalComp  plotter 
whuh  is  driven  by  the  IBM  .360/91  computer. 

The  Y-axis  of  the  plot  represents  the  heart  rate  values  obtained  by 
averaging  the  beat-to-bcat  rate  over  pre-set  time  segments.  The  X-axis 
represents  the  time  scale.  The  time  scale  car  he  selected  according  to  the 
range  of  time  selected.  The  main  value  of  the  graphical  data  plot  is  to 
enhance  visualization  of  trends  and  relative  variations  in  the  physiological 
parameters . 

3.  CONCLUSION’S 

The  computer  analysis  program  provides  an  automated  procedure  for 
physiological  data  reduction  and  summary.  Aside  from  eliminating  the  need 
for  excessive  manual  work,  it  offers  accuracy  and  elegance  in  data  analysis 
and  presentation  in  the  form  of  printed  reports  and  graphical  plots.  The 
compatabi lity  of  the  system  with  an  FM/FM  analog  tape  provides  an  option  for 
remote  data  recording.  A  compact  tape  recorder  can  record  data  at  remote 
experimental  locations  such  as  boats  or  other  diving  platforms.  The  recorded 
tape  can  he  then  shipped  to  the  computer  facility  for  data  analysis. 

Tests  of  the  physiological  analysis  program  have  demonstrated  the 
capability  or  the  program  to  calculate  heart  rate  end  minute  volume  adequately 
and  efficiently  from  real  data.  The  cost  of  running  the  program  was  found 
acceptable  am!  deeper  then  manual  work.  Costs  can  he  further  reduced  to 
about  a  (quarter  by  a  minor  modification  in  the  organization  of  the  program. 
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Figure  V  6.  Sample  Computer  Report  for  10th  Minute  of  Typical  Experimental  Run 


As  tested,  the  program  actually  consisted  of  a  set  of  separate  subroutines 
which  lad  to  he  called  each  tine  the  beat-to-hcat  heart  rate  was  calculated, 
l.inkape  of  the  subroutines  into  a  single  larpc  proprnn ,  as  shown  in  the 
fl  owchart  will  reduce  the  jirocess in;;  tine  significantly. 

Since  t  lie  program  w’s  coded  in  fortran  I'.'  it  is  compatible  with  most 
computers  as  well  as  with  the  penoril  class  of  mi  n  i -computers .  This  feature 
provides  the  possibility  of  rurninp  the  propram  at  other  computer  centers. 

In  addition,  the  propram  could  also  he  used  in  an  on-line,  real  time,  node 
to  perform  safety  nonitorinp  of  divers  while  they  perform  underwater  work 
tasks.  In  such  applications  the  prop ran  will  run  on  a  dedicated  mini -computer 
equipped  with  a  continuous  output  display  to  indicate  the  physiological 
state  of  the  divers.  Such  a  display  could  he  in  the  form  of  dipital  meters, 
or  of  an  CRT  screen.  Since  the  MCI. A  facility  lias  ordered  a  minicomputer  it 
will  he  possible  to  apply  the  propram  to  continuous  monitorinp  in  the  near 
fut  uro . 
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THE  UCLA  PIPE  PUZZIE  ASSEMBLY  TASK 


PTPF  PUZZLE 


The  ji ipe  pur  lo  is  contructed  of  two  inch  galvanized  pipe  and 
standard  gnlvani-cd  fittings.  The  nine  lengths  shown  on  the  drawing 
are  the  lengths  tli.it  the  pipe  should  he  cut  and  threaded.  A  thread 
penetration  of  one  half  inch  is  allowed  for. 

The  indicated  spot  welds  arc  intended  to  prevent  twisting  during 
assembly  and  disassembly. 

To  complete  the  base,  it  is  necessary  to  cut  one  of  the  base 
members  without  threads  at  one  end  and  to  wold  this  end  to  the  last 
sub'  out  let  c  1 1  . 
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Pipe  Puzzle :  Qunnitity 

Item 

2"  elbows  S 

2"  tees  3 

2"  crosses  4 

2"  side  outlet  ells  4 

2'  x  2"  close  nipples  15 

2"  x  5"  nipples  6 

6"  dia.,  4  hole,  2"  pipe  conpnnion  flange  36 

2"  plug  1 

2"  galvanized  pipe  Approx.  48  feet 

2"  gate  valves  2 

1/4"  stopcocks  2 

3/8"  x  6"  eyebolts  and  nuts  and  washers  8 

5/8"  x  2"  bolts  and  nuts  80 

5/8"  brass  washers  8 

1/8"  aluminum  backup-plates  7 

1/8"  solid  rubber  gaskets  5 

1/8"  holed  rubber  gaskets  7 

1/4"  aluminum  plates  2 


Manifold: 

5/16"  Brass  plates 

Cut  and  drilled  to  fit  companion  flange  2 

3/8"  pipe,  brass  close  nipples  2 

3/8"  brass  pipe  Approx.  6" 

3/8"  gas  valves  2 
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HEART  RATE  PROGRAM  FLOW  CHART 


